Insulin inhibits glucose production through both direct and indirect effects on the liver; however, considerable controversy exists regarding the relative importance of these effects. The first aim of this study was to determine which of these processes dominates the acute control of hepatic glucose production (HGP). Somatostatin and portal vein infusions of insulin and glucagon were used to clamp the pancreatic hormones at basal levels in the nondiabetic dog. After a basal sampling period, insulin infusion was switched from the portal vein to a peripheral vein. As a result, the arterial insulin level doubled and the hepatic sinusoidal insulin level was reduced by half. While the arterial plasma FFA level and net hepatic FFA uptake fell by 40-50%, net hepatic glucose output increased more than 2-fold and remained elevated compared with that in the control group. The second aim of this study was to determine the effect of a 4-fold rise in head insulin on HGP during peripheral hyperinsulinemia and hepatic insulin deficiency. Sensitivity of the liver was not enhanced by increased insulin delivery to the head. Thus, this study demonstrates that the direct effects of insulin dominate the acute regulation of HGP in the normal dog.
Introduction
Hepatic glucose production (HGP) accounts for the majority of whole-body glucose production and is tightly regulated by insulin in the healthy individual. Since hepatic insulin resistance in diabetic patients results in excess HGP and fasting hyperglycemia (1) , it is critical to understand the mechanisms by which insulin regulates this process. Insulin reduces HGP by acting both directly and indirectly on the liver (2); however, there is considerable controversy regarding the relative importance of insulin's direct versus indirect effects under physiological conditions.
Insulin acts directly by binding to hepatic insulin receptors and thereby activating insulin signaling pathways in the liver. These effects have been demonstrated in various models. In isolated rat hepatocytes, insulin inhibits glucose production through inhibition of gluconeogenesis (3) and glycogenolysis (4) . In the dog, an acute selective increase (5) or decrease (6) in hepatic insulin level (so that the arterial insulin level was kept constant) resulted in very rapid suppression or stimulation, respectively, of HGP. In addition, liver-specific insulin receptor knockout (LIRKO) mice, which lack hepatic insulin receptors from birth, demonstrate severe hepatic insulin resistance (7) . These studies, and others, demonstrate that insulin acts directly on the liver to regulate HGP.
Insulin's indirect effects include reduction of glucagon secretion at the pancreas (8) , inhibition of lipolysis in fat (which reduces circulating lipids and glycerol availability for gluconeogenesis) (9) , and decreased protein catabolism in muscle (which further reduces gluconeogenic precursor availability) (10) , and in addition, recent studies in the mouse and rat suggest that hypothalamic insulin signaling may also play an important role in insulin's ability to indirectly regulate HGP (11, 12 ). Insulin's indirect hepatic effects were well demonstrated in the dog, where an acute selective increase in arterial insulin level (so that the hepatic insulin level was kept constant) resulted in inhibition of HGP (5) . This was partially due to insulin's effect on lipolysis, since when plasma FFA levels were prevented from falling, HGP only decreased by half as much (9) . In rats, ICV infusion of insulin suppressed glucose production, and this effect was independent of circulating insulin levels (11) . In addition, in mice, HGP was suppressed by insulin despite 95% reduction of hepatic insulin receptors by antisense oligonucleotide treatment (13) . These studies, and others, demonstrate that in addition to insulin's direct effects on the liver, the hormone also regulates HGP through indirect means.
Despite evidence demonstrating both direct and indirect effects of insulin on the liver, it has been hypothesized that control of the liver is primarily indirect (14) , and a recent study in the mouse questions whether reversal of liver insulin resistance should be a prominent goal of diabetic therapy (15) . To address the relative importance of insulin's direct versus indirect effects, a simple experiment was designed to determine which effect dominates control of basal HGP. Experiments were carried out using the overnight-fasted conscious dog, in which, during a pancreatic clamp, insulin infusion was switched from the hepatic portal vein to a peripheral vein. This resulted in a doubling of the arterial insulin level and, at the same time, a 50% decrease in the insulin level within the hepatic sinusoids. We hypothesized that if HGP is primarily regulated by insulin's indirect effects, then arterial hyperinsulinemia should cause a decrease in HGP, despite a reduction of insulin's direct effect at the liver. On the other hand, if insulin's direct hepatic effects are dominant, increased HGP should occur. In addition, to address data in the rat suggesting the dependence of the regulation of HGP on hypothalamic insulin signaling (11) , the second aim of the study was to determine whether an acute 4-fold rise in head insulin level would alter the response to arterial hyperinsulinemia and hepatic insulin deficiency. We hypothesized that a selective physiological rise in the brain insulin level would suppress HGP through hypothalamic insulin signaling.
Results

Portal versus peripheral insulin delivery.
The arterial and hepatic sinusoidal plasma insulin levels remained basal and unchanged throughout the study in the portal (Por) group (Figure 1 ). In the peripheral (Per) group, the arterial plasma insulin level rose 2-fold, while the hepatic sinusoidal plasma insulin level decreased by 50% (Figure 1 ). The arterial and hepatic sinusoidal glucagon levels remained basal and unchanged in both groups ( Figure 2 ). The arterial plasma FFA level and net hepatic FFA uptake remained unchanged in the Por group but decreased by 40-50% in the Per group as a result of arterial hyperinsulinemia (Figure 3 ). When the site of insulin delivery was switched from the portal to a peripheral vein in the Per group, net hepatic glucose output (NHGO) increased more than 2-fold, and as a result, the arterial plasma glucose level increased by 30% (Figure 4) . Glucose was infused in the Por group to match this rise in glucose (Table 1) , and as a result, NHGO was completely suppressed (Figure 4) . Thus, NHGO increased rapidly in the Per group during arterial hyperinsulinemia and hepatic insulin deficiency and, relative to the Por group, remained elevated for the duration of the experimental period. Compared with the Por group, endogenous glucose production was elevated in the Per group, while glucose utilization and clearance were similar (Table  1) . Mild hyperglycemia resulted in an increase in nonhepatic glucose uptake (non-HGU) in both groups, although non-HGU tended to be higher in the Per group as a result of the greater arterial insulin levels in that group. The increase in HGP in the Per group was the result of increased net hepatic glycogenolysis, not a change in gluconeogenic flux ( Figure 5 ).
Peripheral versus head insulin delivery. While the head insulin level increased 2-fold in the Per group, there was a 4-fold increase from basal in the head insulin level in the Head group ( Figure 6 ). As in the Per group, the arterial insulin level increased 2-fold in the Head group, and the hepatic sinusoidal insulin level decreased by 50% ( Figure 6 ). Hepatic sinusoidal glucagon levels were similar in the 2 groups, arterial plasma FFA levels both decreased by approximately 40%, and the arterial plasma glucose levels were matched ( Figure 7) . Despite the additional rise of the head insulin level in the Head group, NHGO was not suppressed compared with that in the Per group ( Figure 8) . As in the Per group, endogenous glucose production and non-HGU increased, while there was little change in glucose utilization or clearance (Table 1) . Net hepatic glycogenolysis increased in the Head group, while gluconeogenic flux was unaffected (Figure 8 ).
Discussion
The first aim of this study was to test whether insulin's direct or indirect effects dominate the control of HGP. When basal insulin delivery was switched from the portal to a peripheral route, the arterial insulin level doubled and the hepatic sinusoidal insulin level was reduced by half. Despite mild hyperglycemia and peripheral hyperinsulinemia, HGP rapidly increased more than 2-fold and remained elevated relative to that in the Por group throughout the 3-hour experimental period. Therefore, it is clear that insulin's direct effect on the liver was dominant and was the primary controller of basal HGP in the nondiabetic dog. In addition, the increase in arterial insulin level had no effect on wholebody glucose utilization, because increased non-HGU was offset by a decrease in hepatic glucose uptake when insulin infusion was switched from portal vein to peripheral vein delivery.
In a previous study, when the hepatic insulin level was selectively decreased by 75% and the peripheral insulin level was kept constant, HGP increased 3.75-fold at 15 minutes (6). Following a selective 50% decrease in hepatic insulin level, a 3-fold increase in HGP occurred (D.S. Edgerton, unpublished observations; n = 4). In the present study, the 50% decrease in hepatic insulin and doubling of arterial insulin resulted in a 2-fold increase in HGP at 15
Figure 1
Arterial and hepatic sinusoidal plasma insulin levels in 18-hour-fasted conscious dogs during the basal (-40 to 0 minutes) and experimental (0-180 minutes) periods. Basal insulin infusion either continued into the portal vein (circles) or was switched to a peripheral vein (triangles) between 0 and 180 minutes. Mean ± SEM; *P < 0.05 versus portal group.
Figure 2
Arterial and hepatic sinusoidal plasma glucagon levels in 18-hour-fasted conscious dogs during the basal (-40 to 0 minutes) and experimental (0-180 minutes) periods. Basal insulin infusion either continued into the portal vein (circles) or was switched to a peripheral vein (triangles) between 0 and 180 minutes. Mean ± SEM.
minutes. Thus, although the direct effect of insulin was dominant, the indirect effect suppressed the rise in HGP by about one-third. Much higher peripheral insulin levels would have undoubtedly increased the indirect effect; however, the aim of the study was simply to examine the impact of switching insulin from portal to peripheral delivery, thereby creating a relatively small change in insulin at both sites, to determine which effect would dominate the control of HGP.
In an effort to determine which mode of insulin action is most important in the regulation of HGP, Buettner et al. recently showed that 95% ablation of hepatic insulin receptors by treatment with insulin receptor antisense oligodeoxynucleotide over 1 week did not impair the ability of insulin to inhibit glucose production during a hyperinsulinemic clamp (13) . The conclusion drawn from this study was that hepatic insulin receptors are likely to play an important role in the long-term regulation of HGP, mainly via changes in gene transcription, but rapid control can still occur in the presence of a severe impairment in liver insulin signaling. Thus, as previously demonstrated (5), in the mouse, HGP can be selectively inhibited by insulin's indirect effects, but these findings do not directly address whether insulin's direct or indirect effects dominate the acute control of HGP. Also, although downstream hepatic insulin signaling was blunted in this model, residual hepatic insulin signaling was sufficient to prevent liver pathology or alterations in the expression of insulin-regulated genes and insulin clearance (13) . Therefore, the residual insulin signaling may also have been sufficient to mediate direct inhibition of HGP. In addition, although the reduction in the number of hepatic insulin receptors in Buettner et al.'s model was more acute than the lifelong insulin receptor knockout in the LIRKO mouse, it still occurred over a period of 1 week. The present study clearly demonstrates that the acute response of the liver to small changes in hepatic insulin levels occurs within a few minutes, however, and therefore the very rapid response of the liver to the direct effect of insulin is more likely the result of changes in enzyme activity and/or translocation, not gene expression. In addition, after only 3 hours, the mild rise in plasma glucose that accompanied the increase in HGP in the Per group was sufficient to in turn suppress NHGO to the basal rate. Thus, it is difficult to draw a conclusion about acute direct effects of insulin on a liver that has been chronically exposed (i.e., 7 days) to hepatic insulin signaling deficiency (13) , when compensatory alterations in the regulation of glucose fluxes are likely to have occurred.
Gupta et al. found that the prevailing glycemic level is a determinant of the balance between insulin's direct and indirect effects on HGP in individuals with type 1 diabetes (16). The authors suggested that when glycogenolysis is already maximally suppressed by hyperglycemia, hepatic insulin may not further suppress HGP, whereas, with correction of hyperglycemia, glycogenolysis is restored, allowing for the direct effect of insulin on glycogenolysis to become manifest. This is in keeping with the results of the present study, which demonstrate that hepatic glycogenolysis, but not gluconeogenesis, is sensitive to acute changes in insulin and glucose. In other studies, obese patients with type 2 diabetes were found to have defects in both the direct and the indirect effects of insulin on the liver (17) . When the estimated hepatic sinusoidal insulin levels were increased by 11 µU/ml, in those studies, the impairment in the direct effect of insulin was overcome, but the defective indirect response persisted as a result of impaired suppression of FFA and glucagon levels. Thus, while the direct effect of insulin on HGP is dominant in the normal individual, in the diabetic state, insulin resistance of extrahepatic tissues and the prevailing glucose levels become factors.
Previous studies have shown that a 4-fold rise in insulin level throughout the body will completely suppress HGP (18) . To further investigate the effect of hypothalamic insulin signaling on HGP, our second aim was to determine the effect of raising the head insulin level on the increased glucose production that
Figure 4
Arterial plasma glucose levels and NHGO in 18-hour-fasted conscious dogs during the basal (-40 to 0 minutes) and experimental (0-180 minutes) periods. Basal insulin infusion either continued into the portal vein (circles) or was switched to a peripheral vein (triangles) between 0 and 180 minutes. Mean ± SEM; *P < 0.05 versus portal group.
Figure 3
Arterial FFA levels and net hepatic FFA uptake in 18-hour-fasted conscious dogs during the basal (-40 to 0 minutes) and experimental (0-180 minutes) periods. Basal insulin infusion either continued into the portal vein (circles) or was switched to a peripheral vein (triangles) between 0 and 180 minutes. Mean ± SEM; *P < 0.05 versus portal group.
was seen in response to hepatic insulin deficiency. A switch from portal insulin infusion to head artery delivery (at the same basal rate) resulted in a 4-fold increase in head insulin level, relative to the basal insulin level. Compared with the Per group, this elevation did not bring about an additional inhibitory effect on the liver, however.
In studies in the rat, Obici et al. showed that ICV infusion of insulin resulted in increased hepatic insulin sensitivity (so that glucose production fell during a euinsulinemic pancreatic clamp during ICV insulin infusion) (11) . In addition, when insulin receptor antisense oligonucleotide, insulin antibodies, or PI3K inhibitors were infused into the third ventricle, glucose production was not suppressed by a rise in arterial insulin as much as in a control group (23%, 10%, and 34% less than what would be predicted based on the relative increase in insulin in the 3 groups respectively) (12) . These findings led the authors to conclude that hypothalamic insulin signaling is required for normal inhibition of glucose production by insulin (11) .
One potential difference between the Obici et al. study and the present study is that hypothalamic insulin levels may have been higher in the rat than in the dog. The amount of insulin injected ICV in the rat was 30 µU, and since the volume of distribution of insulin in these studies is unknown and likely to be very small, there was potentially a much higher local concentration of insulin. On the other hand, in the dog the increase in insulin level in blood entering the head was only 4-fold compared with the basal level, so it is difficult to know what difference in hypothalamic insulin exposure there may have been. The blood-brain barrier is permeable to insulin (19) , and previous studies in the dog have demonstrated that infusion into the carotid and vertebral arteries results in even distribution throughout the blood flowing through the head (20) . In addition, a rapid change in sympathetic outflow from the brain was previously demonstrated in response to head insulin infusion in the dog (21) . These studies suggest that the head arterial insulin infusion model used in this study is appropriate for the assessment of the effects of a physiological rise of insulin on HGP. Although it is possible that the 3-hour experimental period did not allow enough time for sufficient amounts of insulin to reach the hypothalamus compared with the 6-hour ICV insulin infusion in the rat, previous studies in the dog demonstrated that cerebrospinal fluid insulin levels increase (after a 30-minute lag) during a hyperinsulinemic clamp (22) . In that study, when the plasma Table 1 Glucose infusion rate, endogenous glucose production, glucose utilization, glucose clearance, and nonhepatic glucose uptake during the basal (-40 to 0 minutes) and experimental (0 to 180 minutes) periods in the portal, peripheral, and head groups Values are means ± SEM; n = 5, 6, and 6 per group, respectively; A P < 0.05.
Figure 5
Net hepatic glycogenolysis and hepatic gluconeogenic flux in 18-hour-fasted conscious dogs during the basal (-40 to 0 minutes) and experimental (0-180 minutes) periods. Basal insulin infusion either continued into the portal vein (circles) or was switched to a peripheral vein (triangles) between 0 and 180 minutes. Mean ± SEM; *P < 0.05 versus portal group.
insulin level was clamped at approximately 90 µU/ml, cerebrospinal fluid insulin was approximately 2 µU/ml after 180 minutes. Therefore the insulin concentration in the cerebrospinal fluid in the present study was probably much lower. If a 4-fold, 3-hour rise in insulin is not sufficient to cause a change in insulin signaling in the hypothalamus, however, then this process is unlikely to play a role in the acute regulation of HGP. Another factor to consider is the considerably higher basal glucose production in rats (∼13 mg/kg/min) compared with dogs and humans (∼3 mg/kg/min), which may be the result of higher neural drive to the liver. If this is the case, it is likely that brain insulin levels would exert greater control of glucose production in the rat compared with species with lower basal glucose production rates. Finally, the rat studies were carried out in the presence of basal peripheral insulin levels, whereas hepatic insulin deficiency occurred in the dog. Hepatic insulin signaling was presumably present but reduced in this study; therefore it is possible that the effect of insulin in the brain is manifest only in the presence of normal hepatic insulin signaling, since findings in the LIRKO model suggest that insulin signaling in the liver is required for the indirect effects of insulin (7).
Okamoto et al. recently demonstrated hepatic insulin resistance in insulin receptor knockout mice with restored liver insulin signaling, but reduced signaling in the hypothalamus (15) . This suggests that hypothalamic signaling plays an important role in insulin's ability to regulate HGP in the mouse. If this finding applies to the dog, since HGP was not acutely reduced during head hyperinsulinemia in the present study, hypothalamic insulin signaling may play a greater role in the chronic regulation of HGP, acting to set the basal tone for insulin sensitivity at the liver. Thus, background hypothalamic insulin signaling may determine the acute ability of the liver to directly respond to insulin, but not be involved in the minute-to-minute regulation of HGP. Although the rodent studies mentioned above provide strong support for the involvement of hypothalamic insulin signaling in the regulation of HGP, further studies are required to determine how these findings will extend to other species. Again, if the rates of basal glucose production in the mouse as reported by the authors (29 mg/kg/min) are an indication of high constitutive neural drive to the liver, this would be expected to make the role of the brain more important in the control of HGP in the absence of hepatic insulin receptors.
The present study was designed to determine whether insulin's direct or indirect effects dominate the regulation of HGP. The results clearly demonstrate the primary importance of insulin's direct effect on the acute regulation of basal HGP, since when this effect was reduced by 50% there was a rapid increase in HGP, despite simultaneous arterial hyperinsulinemia and hyperglycemia and an associated reduction in plasma FFA and net hepatic FFA uptake. In addition, sensitivity of the liver to insulin was not enhanced by increased insulin delivery to the head, calling into question the role of hypothalamic insulin signaling in the acute control of basal HGP in species in which basal glucose production is low.
Methods
Animal care and surgical procedures. Experiments were conducted on 3 groups (Por, Per, and Head; n = 5, 6, and 6 respectively) of overnight-fasted conscious mongrel dogs (20-28 kg) of either sex. Housing and diet have been described previously (23) . The surgical facility met the standards published by the American Association for the Accreditation of Laboratory Animal Care, and the protocols were approved by the Vanderbilt University Medical Center Animal Care Committee. All dogs underwent a laparotomy 2 weeks before the experiment in order to implant infusion catheters into the jejunal and splenic veins, sampling catheters into the portal and hepatic veins and the femoral artery, and Transonic flow probes (Transonic Sys-
Figure 6
Percentage of arterial, hepatic sinusoidal, and head plasma insulin with respect to basal levels during the last 2 hours in 18-hour-fasted conscious dogs. Basal insulin infusion was switched from the portal vein either to a peripheral vein (white bars) or to head arteries (black bars) between 0 and 180 minutes. Mean ± SEM; *P < 0.05 versus portal group.
Figure 7
Percentage of hepatic sinusoidal glucagon and arterial plasma FFA and glucose with respect to basal levels during the last 2 hours in 18-hour-fasted conscious dogs. Basal insulin infusion was switched from the portal vein either to a peripheral vein (white bars) or to head arteries (black bars) between 0 and 180 minutes. Mean ± SEM.
tems Inc.) around the hepatic artery and portal vein, as described elsewhere (23) . In the Head group, a second surgery was performed 8-9 days before each experiment. A ventral midline incision was made under general anesthesia, and Silastic catheters (Dow Corning) were inserted into the vertebral and carotid arteries bilaterally (20) . A catheter was also inserted into the left jugular vein to allow blood sampling so that the head insulin level could be monitored. Each dog was used for only 1 experiment. All dogs studied were healthy, as indicated by (a) a leukocyte count less than 18,000 per cubic millimeter, (b) hematocrit greater than 35%, (c) a good appetite, and (d) normal stools.
Experimental design. Intraportal catheters (splenic and jejunal) were used for the infusion of insulin (Eli Lilly and Co.) and glucagon (Novo Nordisk). Angiocaths (Deseret Medical, BD) were inserted percutaneously into leg veins for infusion of [3-3 H]glucose (DuPont-NEN), indocyanine green (ICG; Sigma-Aldrich), and peripheral glucose (50% dextrose; Baxter International Inc.). Animals were allowed to rest quietly in a Pavlov harness for 30 minutes before the experiments started. Each of the 3 protocols consisted of an equilibration period (-140 to -40 minutes), a basal period (-40 to 0 minutes), and an experimental period (0 to 180 minutes). At -140 minutes a priming dose of [3-3 H]glucose (50 µCi) was given, and constant infusions of [3-3 H]glucose (0.4 µCi/min) and ICG (0.07 mg/min) were started. At the same time a constant infusion of somatostatin (0.8 µg/kg/min) was started in a peripheral vein to inhibit endogenous pancreatic hormone secretion, and a constant intraportal glucagon infusion (0.5 ng/kg/min) was started to replace basal secretion of this hormone. Plasma glucose samples were taken every 5 minutes, and the intraportal insulin infusion rate was titrated as necessary to maintain glucose at basal levels. The last change was made at least 20 minutes before the start of the control period. The insulin infusion rates were 211 ± 39, 200 ± 21, and 223 ± 27 µU/kg/min in the Por, Per, and Head groups, respectively. After the basal period, the portal insulin infusion was continued in the Por group. In the Per group the insulin infusion was switched from hepatic portal to peripheral vein delivery, and in the Head group it was switched to the carotid and vertebral arteries. Immediately after the final sampling time, each animal was euthanized and the positions of the catheter tips were verified.
Analytical procedures. Hematocrit concentrations; plasma glucose, [ 3 H]glucose, glucagon, insulin, cortisol, and FFA concentrations; and blood alanine, glycine, serine, threonine, lactate, glutamine, glutamate, glycerol, β-hydroxybutyrate, and acetoacetate concentrations were determined as previously described (23, 24) . as determined by the ultrasonic flow probes. Hepatic blood flow was also determined from ICG extraction across the liver to verify the ultrasonic measurements. A positive hepatic balance value represents net output by the liver, while a negative value represents net hepatic uptake. Plasma glucose and [ 3 H]glucose values were multiplied by 0.73 to convert them to blood glucose values as validated elsewhere (25) . Tracer-determined wholebody glucose appearance and utilization were measured using a primed, constant infusion of [3-3 H]glucose. Data calculation was carried out using the 2-compartment model described by Mari (26) and with canine parameters reported by Dobbins et al. (27) . Endogenous glucose appearance was calculated by subtraction of the glucose infusion rate from whole-body glucose appearance. Non-HGU was calculated as the glucose infusion rate plus net hepatic glucose balance, with changes in the glucose mass accounted for when deviations from steady state were present. The approximate insulin and glucagon levels in plasma entering the liver sinusoids were calculated using the formula [A] × %AF + [P] × %PF, where [A] and [P] are arterial and portal vein hormone concentrations, respectively, and %AF and %PF are the respective percentage contributions of arterial and portal flow to total hepatic blood flow. Gluconeogenic flux and net hepatic glycogenolysis were determined using the arterio-venous difference method.
Statistics. The data were analyzed for differences from the basal period and for differences from the control group. Statistical comparisons were carried out using 2-way repeated-measures ANOVA (SigmaStat; SPSS Inc.). One-way ANOVA comparison tests were used post hoc when significant F ratios were obtained. Significance was established when P was less than 0.05 (2-sided test).
Figure 8
Percentage change in net hepatic glucose output and glycogenolysis and gluconeogenic flux compared with those in the portal group during the last 2 hours in 18-hour-fasted conscious dogs. Basal insulin infusion was switched from the portal vein either to a peripheral vein (white bars) or to head arteries (black bars) between 0 and 180 minutes. Mean ± SEM.
